Abstract: Several studies in mammals, birds, and fish have documented better cognitive abilities associated with an asymmetrical distribution of cognitive functions in the two halves of the brain, also known as 'functional brain lateralization'. However, the role of brain lateralization in learning abilities is still unclear. In addition, although recent studies suggest a link between some personality traits and accuracy in cognitive tasks, the relation between anxiety and learning skills in Skinner boxes needs to be clarified. In the present study, we tested the impact of brain lateralization and anxiety-like behaviour in the performance of an extensive operant conditioning task. Zebrafish tested in a Skinner box underwent 500 trials in a colour discrimination task (red vs. yellow and green vs. blue). To assess the degree of lateralization, fish were observed in a detour test in the presence of a dummy predator, and anxiety-like behaviour was studied by observing scototaxis response in an experimental tank divided into light and dark compartments. Although the low performance in the colour discrimination task did not permit the drawing of firm conclusions, no correlation was found between the accuracy in the colour discrimination task and the behaviour in the detour and scototaxis tests. This suggests that neither different degrees of asymmetries in brain lateralization nor anxiety may significantly impact the learning skills of zebrafish.
Introduction
Once thought to be a human peculiarity, functional brain lateralization is now accepted as a widespread principle of vertebrates' nervous systems. The compelling evidence that several species display different degrees of lateralization brought many authors to hypothesize that functional brain asymmetries lead to several advantages in neurocognitive systems. For instance, brain lateralization is supposed to avoid the simultaneous activation of incompatible responses or costly duplication of neural circuits with the same function [1, 2] . Rogers [3, 4] hypothesized that, as the two hemispheres of lateralized individuals could carry out different tasks simultaneously, lateralized individuals may cope better in tasks involving divided attention.
In spite of the large amount of experimental evidence showing that lateralized fish are advantaged in different circumstances [5] [6] [7] [8] [9] [10] , a high degree of polymorphism in laterality is commonly reported in animal populations, and non-lateralized individuals often outnumber lateralized ones [11] [12] [13] [14] . Hence, there must be ecological contexts in which either brain lateralization does not provide any advantage or it even represents a potential disadvantage. With respect to this issue, Agrillo et al. [15] found no difference in the efficiency of escape behaviour from a dummy predator as a function of the degree of brain lateralization in goldbelly topminnows. Dadda et al. [16] found that strongly lateralized goldbelly topminnows are less accurate than poorly lateralized ones when required to quickly transfer visual information between the two hemispheres before making a decision about which shoal to join.
The capacity to associate a neutral stimulus to a biologically relevant stimulus is one of the main mechanisms through which animals learn environmental contingencies, a fundamental ability to avoid apparently neutral stimuli associated with negative events, or to reach stimuli often related to positive events. A recent study suggested a link between brain lateralization and learning skills. Fontana et al. [17] found a positive correlation in zebrafish between the degree of motor lateralization in a Y-maze and their performance in a classical conditioning task (Pavlovian fear conditioning). Apart from this study, the issue as to whether lateralization in the animal brain has a positive impact on the efficiency of learning abilities remains almost unexplored.
When dealing with learning abilities, the personalities of individuals are known to play an important role. For instance, a bold individual that explores a given environment more quickly will probably encounter some contingencies faster than an individual that explores it less quickly. The former is hence expected to learn faster than the latter. Similarly, neophilia and spatial exploration are supposed to be personality traits that might correlate directly with learning skills, as such behaviours impact the rate at which individuals encounter the environmental contingencies upon which learning is based (see [18] for a review about personality and cognition). On the contrary, anxiety traits may limit the capacity to explore the environment, both in a laboratory setting and in the natural environment, and presumably reduce the chance to learn. A negative correlation between anxiety and performance in cognitive tasks has been reported in humans [19] and in laboratory studies with animal models (e.g., monkeys [20] and rats [21] ).
The negative relation between anxiety traits and performance in cognitive tasks is likely to be more pronounced in one of the most common experimental apparatuses used in comparative psychology, the Skinner box. In these boxes, subjects are singly inserted in small tanks or cages with no shelter. This might represent a limit for highly social species, whose individuals are thought to be anxious when isolated from the rest of the group. Apart from anxiety related to social isolation, an environment without any shelter-as is the case in most Skinner boxes-might lead to low performances by individuals with high levels of anxiety, not because of limited cognitive abilities, but because individuals need a larger amount of time to become accustomed to the experimental apparatus. This could be particularly critical when dealing with cold-blooded vertebrates in Skinner boxes. Indeed, fish, amphibians, and reptiles can be easily satiated and might not need to search for food for a prolonged period. In this sense, given the potential difficulty of training cold-blooded vertebrates in Skinner boxes, it becomes fundamental to assess whether other factors, such as personality traits, do not interfere with the learning process.
In the present paper, we tested the impact of brain lateralization and anxiety-like behaviour in a popular model organism in genetic and developmental biology of vertebrates, the teleost fish Danio rerio [22, 23] . Recently, this species has also been widely used to increase comprehension of brain functions [24] [25] [26] . There is evidence that zebrafish exhibit different cognitive abilities, such as spatial abilities [27] , numerical abilities [28] , episodic-like memory [29] , and social learning [30] . Taken together, these studies suggest that the cognitive abilities of zebrafish are similar to those described in many other vertebrates.
To achieve our goal, we observed the performance of adult zebrafish in a colour discrimination task (red vs. yellow and blue vs. green), using an extensive operant conditioning procedure. A large body of experimental evidence showed that classical (Pavlovian) and operant (Skinnerian) conditioning rely on different neuro-cognitive systems [31] [32] [33] . Therefore, investigating the relation between operant conditioning skills, lateralization and anxiety-like behaviour is expected to provide novel insights in the literature [17] . We chose these colours because there is evidence that zebrafish can discriminate between them [34] . Subjects were required to discriminate between two squares differing in colour in order to obtain a food reward. The automated procedure guaranteed a high-throughput conditioning of fish (500 trials for each subject) in a manner similar to the operant conditioning cages that are frequently used with mammals and birds. To assess whether learning skills are impacted by brain lateralization, we measured the degree of lateralization of each subject by using the detour test, a test that permits the establishment of spontaneous preference in the use of one eye over the other in observing a potential predator. This test proved to be extremely reliable in quantifying direction and degree of lateralization in fish, and has been adopted in a large number of studies (e.g., [12, [35] [36] [37] [38] [39] ). Lastly, to assess the role of anxiety in the efficiency of learning a conditioned rule, we adopted one of the most powerful tools used to assess anxiety-like behaviour in animal species, scototaxis; that is, the spontaneous preference for staying in a darker/lighter area of their environment [40] [41] [42] .
Methods

Subjects
We preliminarily assessed the sample size using G*Power 3.1 with means and standard deviations taken from our preliminary observations, choosing α = 0.05 and a desired power of 0.80. We found a total of 20 subjects was appropriate to test our hypothesis. We accordingly tested 20 adult (older than 5 months) zebrafish (Danio rerio). Four subjects, however, ceased to participate (two in the pre-training phase, and two in the training phase after a few trials) and were discarded from the experiment; hence, the final sample consisted of 16 subjects (nine females, seven males). Fish were taken from a commercial store and were maintained at the Comparative Psychology Department of the University of Padova in mixed-sex groups of 20-30 individuals (150 litres each tank). Aquaria were provided with natural gravel, live plants, air filters, and a 14:10 h light:dark (L:D) photoperiod with an 18 W fluorescent light placed 11 cm above the water surface. Both stock tanks and experimental tanks were maintained at a constant temperature of 25 ± 1 • C. Each day, subjects were fed once with commercial food flakes or with live brine shrimps (Artemia salina). However, food was not provided for 3 hours preceding the beginnings of the experimental sessions to avoid satiation.
Fish were tested 3 months after their arrival into the laboratory. One week before the beginning of the experiment, each subject was inserted in a 50 × 19 × 32 cm tank together with four smaller conspecifics, a condition that permitted us to isolate the subjects without maintaining them in social deprivation. Indeed, as each subject was the largest fish in its tank, we could easily recognize them at the beginning of each experimental session.
The study complies with all laws of the country in which it was performed (Italy) and was supported and approved by the local ethics committee of the University of Padova (permit number: 37/2016).
Three different tasks were performed: colour discrimination task, scototaxis, and detour test. All fish performed the tasks according to a pseudo-random order.
Colour Discrimination Task
In a colour discrimination task, subjects are commonly required to discriminate between two colours in order to obtain a food reward. This represents one of the most frequently adopted tasks in studies using extensive training procedures [43] [44] [45] [46] .
Apparatus and Stimuli
The experimental apparatus consisted of an automated operant conditioning chamber recently developed for small fish (Zantiks AD, Figure 1a) . The overall unit size was 22 × 30 × 50 cm (width × length × height) and included a computer, software, and the experimental chamber. The chamber measured 14 × 20 × 15 cm and was made up of white plastic walls that permitted the isolation of the chamber from the rest of the room. The floor was made of transparent plastic material because the stimuli were presented using a computer screen (16 × 10 cm; 60 Hz refresh rate display) positioned beneath the tank, in correspondence of a short wall of the tank. A previous study showed that zebrafish can solve colour discrimination tasks when the stimuli are presented at bottom of the tank [34] . With the exception of coloured stimuli, no other light was visible in the chamber in order to make the target colours more salient. The apparatus was supplied with a Cisco Wi-Fi router and controlled via a web browser, allowing researchers to operate it with their own laptop. At the end of the experimental session, the results were downloaded in .csv files. The position of the fish (x-y coordinates) was automatically detected by the integrated computer using an infrared camera above the tank and infrared source below the tank. Water chemistry and water temperature in the chamber were identical to those of the home tanks. zebrafish can solve colour discrimination tasks when the stimuli are presented at bottom of the tank [34] . With the exception of coloured stimuli, no other light was visible in the chamber in order to make the target colours more salient. The apparatus was supplied with a Cisco Wi-Fi router and controlled via a web browser, allowing researchers to operate it with their own laptop. At the end of the experimental session, the results were downloaded in .csv files. The position of the fish (x-y coordinates) was automatically detected by the integrated computer using an infrared camera above the tank and infrared source below the tank. Water chemistry and water temperature in the chamber were identical to those of the home tanks. 
Procedure
Two different phases were set up: Pre-Training The goal of pre-training consisted of ensuring that the subject learned to trigger the presentation of the stimuli and then swam to the feeder and ate the food reward after having selected one stimulus. This phase enabled us to exclude fish that were unable to perform the task at an early stage, ensuring that any eventual lack of discrimination between the colours was not simply due to a general failure to learn how to start a trial and where to reach the food reward.
Each subject was taken from its home tank and moved to the experimental tank. After 5 minutes of initial habituation to the novel environment, we started the pre-training session. It lasted approximately 50 minutes, for a total of 80 trials. Each trial started with an initiator light (white square, 2 × 2 cm) that appeared in correspondence with one short end of the tank and remained visible for a maximum of 10 seconds. Approaching the initiator light (that is, swimming above the white square) triggered the presentation of a coloured square on the opposite end of the tank. In particular, the coloured square appeared in the same side of the tank where the two colours to be discriminated against were presented in the training phase. If fish did not select the initiator light, it disappeared and no other light was visible for the next 10 seconds. In these cases, we classified the trial as an Stimuli were presented using a screen positioned on the base of the tank. A camera mounted above the tank automatically detected the behaviour of the subject and sent information to a computer through a wireless internet connection. (b) Example of the experimental setting used in the operant conditioning chamber. As soon as the focal fish triggered the beginning of a trial by selecting an initiator light presented on one side of the tank (e.g., left), two squares differing in colour (e.g., green and blue) were presented on the opposite side (right). A correct choice triggered a motor to release food at the opposite end of the tank. 
Each subject was taken from its home tank and moved to the experimental tank. After 5 minutes of initial habituation to the novel environment, we started the pre-training session. It lasted approximately 50 minutes, for a total of 80 trials. Each trial started with an initiator light (white square, 2 × 2 cm) that appeared in correspondence with one short end of the tank and remained visible for a maximum of 10 seconds. Approaching the initiator light (that is, swimming above the white square) triggered the presentation of a coloured square on the opposite end of the tank. In particular, the coloured square appeared in the same side of the tank where the two colours to be discriminated against were presented in the training phase. If fish did not select the initiator light, it disappeared and no other light was visible for the next 10 seconds. In these cases, we classified the trial as an 'omission'. The coloured square was green in case of the yellow versus red discrimination; a red square appeared in the case of the green versus blue discrimination. The coloured square remained visible for 10 seconds; if the subject selected it, a 2 mg portion of commercial flake food, GVG Sera, was released in the tank in correspondence with the initiator light. Fish were already familiar with this type of food because they were fed half of the week with this food in their home tanks. The automated release of a controlled amount of food permitted us to tackle the limitation of manual training tasks in which researchers can hardly deliver a standard and very limited amount of food as reward, a fundamental condition for testing cold-blooded species. If the subject did not select the coloured square, the trial was again classified as an 'omission' and a time-out of 10 seconds was presented before the beginning of the next trial. Only fish who completed at least 25 out of 80 trials in a session advanced to the next step. If fish did not reach this criterion within 10 sessions, they were discarded from the experiment.
Training Half of the subjects (N = 8) were trained in a yellow versus red discrimination (yellow as positive stimulus for 50% of the subjects); half (N = 8) were trained in a blue versus green discrimination (green as positive stimulus for 50% of the subjects).
Each trial started with a white initiator light. If fish triggered the light within 10 seconds, two squares differing in colour appeared on the opposite side of the tank (Figure 1b ) in the centre of the two halves of the wall (inter-stimulus distance: 3.5 cm). If subjects selected the positive stimulus, a food reward-the same amount used in the pre-training phase-was delivered in correspondence with the initiator light (see supplemental material for a video of a single trial); if subjects selected the negative stimulus, the two stimuli disappeared. The two stimuli remained visible for a total of 10 seconds; if subjects did not select the initiator light or did not select any stimulus, we classified the trial as an 'omission'. A total of 100 trials were presented in a training session; hence, each session lasted approximately 1 hour. The position of the positive stimulus was changed across trials according to a random sequence. When fish performed 500 valid trials (either correct or incorrect-no omissions were included) the task was concluded. To assess the overall learning skills of subjects, we used the criterion previously adopted in fish by Agrillo et al. [47] consisting in computing the average performance of each subject after a fixed number of trials (number of correct choices/total number of trials).
Anxiety-Like Behaviour: Scototaxis Test
Scototaxis refers to the spontaneous dark/light preference of animals and is commonly taken as a valid low-cost tool for assessing anxiety-like behaviour of the subjects under investigation. It is based on the natural aversive quality of brightly lit environments for several species, a fact that leads to a conflict situation in which the subjects have to trade off their natural tendency to explore an environment with the presence of an unpleasant (and potentially dangerous) area [41] .
Stimuli, Apparatus, and Procedure
We used the same apparatus used for the colour discrimination task. Fish were singly inserted in the experimental tank for a total of 15 minutes during which they were free to explore the environment. After 5 minutes of acclimation, in which the bottom of the tank was black, half of the floor remained black (RGB: 0, 0, 0) while the other half became white (RGB: 255, 255, 255). Five minutes later, the position of the black and white floors were switched to prevent that any side bias that might have affected the results. The proportion of time spent in the dark compartment (a) and the proportion of movements made in the dark compartment (b) were taken as dependent variables.
Lateralization Test: Detour Test
Several studies have shown that asymmetries in fish behaviour reflect functional/anatomical asymmetries of the brain, even though the exact reasons underlying such relation are unclear [48] [49] [50] . Therefore, the observation of spontaneous behaviour of animals represents a powerful non-invasive tool to assess the degree of their brain lateralization. In the detour test, the fish typically swims along a runway until it faces a barrier behind which a dummy predator is visible (Figure 1c ). The direction taken by a fish when leaving the runway depends strictly on its eye preference to look at the dummy predator [10, 15, 16, 51 ].
Stimuli and Apparatus
A different apparatus was used to measure brain lateralization of zebrafish. We used a modification of the apparatus adopted in several other studies in teleost fish [12, 52] , which consisted of a glass tank (60 × 94 × 36 cm) covered with plastic. The apparatus was filled with 10 cm of water. In the middle we built a plastic runway (7 × 40 cm) that allowed the zebrafish to face a barrier, behind which a dummy predator was visible at both ends of the runway (Rapala lure no. 18, 18 × 2.5 cm). The features of the dummy predator (e.g., black bars over a clear background) mimicked the appearance of a cichlid (Etroplus canarensis) often found in the same geographic areas of zebrafish [53] . The barrier (17 × 17 cm) was made of a series of vertical cylindrical yellow plastic bars (0.05 cm diameter, spaced 0.25 cm). Two 18 W fluorescent lamps placed above both shorter sides (11 cm above the water surface) lit the apparatus, a condition that maximized the visibility of the dummy predators.
Procedure
Each subject was individually inserted in the apparatus, was released in the middle of the runway, and was gently pushed using a pair of fishnets at the starting point of the runway. The subject swam along the runway until it faced the barrier. We recorded 10 consecutive trials. We computed an index of lateralization on the basis of the percentage of right and left turns taken by the fish when leaving the runway with the following formula: [(number of rightward − number of leftward)/total number of turns] × 100]. Fish with lateralization indexes equal to or larger than 60 (corresponding to 80% or more rightward turns) were classified as having a right-detour preference, whereas individuals with lateralization indexes equal to or smaller than −60 (corresponding to 80% or more leftward turns) were commonly classified as having a left-detour preference. Individuals that turned leftward half of the time were classified as non-lateralized. These criteria are commonly adopted in the literature of brain lateralization of fish [9, 10, 12, 16, 52 ].
Statistical Analysis
Data were analysed using SPSS 25.0. All statistical tests were two-tailed, and alpha was set up at 0.05. Data were normally distributed; therefore, we used parametric statistics (Kolmogorov-Smirnov on the average performance in the colour discrimination task, scototaxis test, and detour test, all p > 0.077). The main analyses were represented by Pearson correlations to establish the relation between learning skills in the colour discrimination task, lateralization measured in the detour test, and anxiety-like behaviour measured in the scototaxis test. Bayes factors were also done to verify the strength of the conclusions of these correlational analyses.
For what concern the colour discrimination task, individual performance was analysed with binomial tests on the frequency of correct and incorrect choices. Group analyses were done using an ANOVA to establish if the type of colour contrast affected the performance. One sample t-tests were performed to assess whether subjects' choices differed from chance at group level. In the Scototaxis test, one sample t-tests were used to establish whether fish preferred to spend a larger proportion of time near the darker area and whether they tended to be more active in the darker area. An independent t-test was performed to establish whether there was any difference as a function of sex. Lastly, in the detour test, the presence of a laterality bias at group level was assessed by a one-sample t-test; independent t-test was used to verify the existence of any potential sex-difference.
Results
Colour Discrimination Task Individual analyses (binomial tests) on the frequency of correct choices showed that 5 subjects out of 16 (31%) correctly selected the positive stimulus. Six subjects did not select one stimulus more frequently than chance, and five subjects significantly selected the opposite, negative stimulus (Table 1) .
Concerning group analyses, a one-way ANOVA with 'colour contrast' as between-subjects factor found no difference in the overall accuracy between fish tested in the yellow versus red comparison and those tested in the green versus blue comparison (F(1, 15) Figure 2 ). Individual analyses (binomial tests) on the frequency of correct choices showed that 5 subjects out of 16 (31%) correctly selected the positive stimulus. Six subjects did not select one stimulus more frequently than chance, and five subjects significantly selected the opposite, negative stimulus (Table  1) .
Concerning group analyses, a one-way ANOVA with 'colour contrast' as between-subjects factor found no difference in the overall accuracy between fish tested in the yellow versus red comparison and those tested in the green versus blue comparison (F(1, 15) One may argue that the lack of discrimination at group level was due to the fact that some subjects might exhibit a spontaneous preference for the negative stimulus, thus contrasting their natural tendency to reach a given preferred colour with their capacity to associate the positive colour with the reward. To test this hypothesis, we assessed whether there was any spontaneous preference for joining the colour yellow in the yellow versus red discrimination, and the colour green in the blue versus green discrimination. As we were looking for an untrained colour preference, we analysed the proportion of choices at the very beginning of the training task (first 40 trials). One-sample t-tests showed a significant preference for yellow in the yellow versus red discrimination (0.640 ± 0.030, t(7) = 4.705, p = 0.020, d = 1.664), whereas no preference for any colour was found in the blue vs. green discrimination (0.558 ± 0.034, t(7) = 1.677, p = 0.137, d = 0.593). Interestingly, four out of five fish that significantly selected the negative stimulus more frequently than chance were trained in the red versus yellow discrimination, with red as the positive stimulus. This was further confirmed by the individual analyses (Table 1) , in which we found that two subjects that exhibited a significant preference for the colour red continued to select this non-rewarded stimulus throughout the experiment. On the contrary, no subject that showed a significant choice for the rewarded stimulus exhibited a spontaneous preference for any colour at the beginning of the experiment. One may argue that the lack of discrimination at group level was due to the fact that some subjects might exhibit a spontaneous preference for the negative stimulus, thus contrasting their natural tendency to reach a given preferred colour with their capacity to associate the positive colour with the reward. To test this hypothesis, we assessed whether there was any spontaneous preference for joining the colour yellow in the yellow versus red discrimination, and the colour green in the blue versus green discrimination. As we were looking for an untrained colour preference, we analysed the proportion of choices at the very beginning of the training task (first 40 trials). One-sample t-tests showed a significant preference for yellow in the yellow versus red discrimination (0.640 ± 0.030, t(7) = 4.705, p = 0.020, d = 1.664), whereas no preference for any colour was found in the blue vs. green discrimination (0.558 ± 0.034, t(7) = 1.677, p = 0.137, d = 0.593). Interestingly, four out of five fish that significantly selected the negative stimulus more frequently than chance were trained in the red versus yellow discrimination, with red as the positive stimulus. This was further confirmed by the individual analyses (Table 1) , in which we found that two subjects that exhibited a significant preference for the colour red continued to select this non-rewarded stimulus throughout the experiment. On the contrary, no subject that showed a significant choice for the rewarded stimulus exhibited a spontaneous preference for any colour at the beginning of the experiment. No correlation was found between scototaxis measures and overall accuracy in the colour discrimination task (proportion of time spent in the darker area and overall accuracy, r = −0.060, p = 0.825; proportion of movements in the darker area and overall accuracy, r = 0.007, p = 0.979; see Figure 3 ). No correlation was found between scototaxis measures and overall accuracy in the colour discrimination task (proportion of time spent in the darker area and overall accuracy, r = -0.060, p = 0.825; proportion of movements in the darker area and overall accuracy, r = 0.007, p = 0.979; see Figure  3 ). 
Detour Test
As expected from previous literature [11] [12] [13] [14] , most individuals were poorly, if at all, lateralized. Indeed, individual analyses showed four strongly lateralized individuals: two right detour (subjects 2 and 10) and two left detour (subjects 12 and 15). Group analysis confirmed that our subjects were mainly not lateralized (−8.750 ± 9.995, one-sample t-test with chance level = 0, t (15) We did not find a significant correlation between overall accuracy in the colour discrimination task and the different degree of lateralization (r = 0.018, p = 0.947, see Figure 4 ). Also, no correlation was found between the lateralization index and the two scototaxis measures (proportion of time spent in the darker area and lateralization index: r = 0.394, p = 0.131; proportion of movements in the darker area and lateralization index: r = 0.400, p = 0.125). As expected from previous literature [11] [12] [13] [14] , most individuals were poorly, if at all, lateralized. Indeed, individual analyses showed four strongly lateralized individuals: two right detour (subjects 2 and 10) and two left detour (subjects 12 and 15). Group analysis confirmed that our subjects were mainly not lateralized (-8 We did not find a significant correlation between overall accuracy in the colour discrimination task and the different degree of lateralization (r = 0.018, p = 0.947, see Figure 4 ). Also, no correlation was found between the lateralization index and the two scototaxis measures (proportion of time spent in the darker area and lateralization index: r = 0.394, p = 0.131; proportion of movements in the darker area and lateralization index: r = 0.400, p = 0.125). Outlier Removal in the Correlational Analyses Inspection of boxplots revealed only one outlier in the proportion of time spent near the darker area (scototaxis test). To assess whether the results of correlational analyses were affected by the behaviour of this subject (subject 7 of Table 1 ), we removed the outlier and reanalysed the correlations that involved the proportion of time spent near the darker area. The same conclusions were found. No correlation was found between the performance in the colour discrimination task and the proportion of time spent in the darker area (r = -0.163, p = 0.561). No correlation was found between lateralization index and the proportion of time spent in the darker area (r = 0.476, p = 0.964), whereas we reported a positive correlation between the proportion of movements in the darker area and the proportion of time spent in the darker area (r = 0.941, p < 0.001).
Bayes Factor Analyses Correlational analyses did not show any significant relationship between the performance in the learning task, the degree of brain lateralization, and anxiety-like behaviour. However, when no significant correlation between two groups are found, it remains possible that a true correlation might exist between the groups but the task was not precise enough to detect it. To test the strength of our conclusions, we used an alternative statistical approach and calculated Bayes factors for correlational analyses [55] . This analysis enables researchers to estimate the relative strength of the evidence for two competing hypotheses (H0: the two variables do not correlate to each other; H1: a positive/negative correlation does exist) [56] . The approximate Bayes factor indicated the hypothesis of no correlation between learning skills and brain lateralization/anxiety-like behaviour was at least five times more likely than the alternative hypothesis (see Table 2 ). Outlier Removal in the Correlational Analyses Inspection of boxplots revealed only one outlier in the proportion of time spent near the darker area (scototaxis test). To assess whether the results of correlational analyses were affected by the behaviour of this subject (subject 7 of Table 1 ), we removed the outlier and reanalysed the correlations that involved the proportion of time spent near the darker area. The same conclusions were found. No correlation was found between the performance in the colour discrimination task and the proportion of time spent in the darker area (r = −0.163, p = 0.561). No correlation was found between lateralization index and the proportion of time spent in the darker area (r = 0.476, p = 0.964), whereas we reported a positive correlation between the proportion of movements in the darker area and the proportion of time spent in the darker area (r = 0.941, p < 0.001).
Bayes Factor Analyses Correlational analyses did not show any significant relationship between the performance in the learning task, the degree of brain lateralization, and anxiety-like behaviour. However, when no significant correlation between two groups are found, it remains possible that a true correlation might exist between the groups but the task was not precise enough to detect it. To test the strength of our conclusions, we used an alternative statistical approach and calculated Bayes factors for correlational analyses [55] . This analysis enables researchers to estimate the relative strength of the evidence for two competing hypotheses (H0: the two variables do not correlate to each other; H1: a positive/negative correlation does exist) [56] . The approximate Bayes factor indicated the hypothesis of no correlation between learning skills and brain lateralization/anxiety-like behaviour was at least five times more likely than the alternative hypothesis (see Table 2 ). 
Discussion
The present study aimed to test the impact of brain lateralization and anxiety-like behaviour in the learning skills of a model species commonly used in genetics, neuroscience, and translational studies. To achieve this goal, we tested zebrafish in a Skinner box that permitted us to administer hundreds of trials for each individual and correlated their performance in the detour test (as a measure of lateralization) and scototaxis (as a measure of anxiety). We did not find any evidence in favour of a link between lateralization, scototaxis, and learning skills in zebrafish.
Lateralization in fish has been found to positively influence performance in dual tasks [51] and numerical tasks [9, 10] , but has no effect on escape response [15] and has a negative effect when fish are required to quickly transfer visual information between the two brain hemispheres before making a decision about which shoal to join [16] . The lack of correlation found here between degree of lateralization and performance in the colour discrimination task suggests that lateralization does not have a deep impact on learning skills. It is possible that, given the fundamental role of learning skills to face most problems encountered in nature, the capacity to learn associations between stimuli is equally effective in lateralized and non-lateralized individuals. This result is potentially important for translational studies. Indeed, even though in several species-including zebrafish [48] -individuals largely differ in terms of their degree of brain lateralization, this variable has often been neglected in operant conditioning studies. Discovering that the performance in a prolonged operant conditioning task is not related to the degree of lateralization should help in genetic studies, as it guarantees that the genes associated with learning skills in zebrafish are not associated with brain lateralization (a fact that would represent a confounding result). For instance, several authors have suggested that a disturbance in the lateralization process, controlled by genes, could be crucial for the development of schizophrenia. Although the molecular link between lateralization and schizophrenia is far from being fully understood, partly overlapping genes can be responsible for this association [57, 58] .
Concerning the measure of anxiety, we found that zebrafish exhibited a spontaneous preference for the darker half of the tank [59, 60] , with no difference as a function of sex. This behavioural strategy probably reflects a conflict between the preference for protected, darker areas and a natural motivation to explore novel environments [41] . The inter-individual variability found in the scototaxis test did not correlate with performance in the learning task, meaning that the capacity to undergo an extensive operant conditioning training was not related to the different anxiety levels of subjects. Again, we believe that such a conclusion is important for the ongoing screening of cognitive abilities of zebrafish. For instance, the fact that this personality trait is not related to performance in a Skinner box could help us to maximize the chance to identify candidate genes of cognitive skills (for instance, LIMK1 and MMP7 for learning spatial and numerical tasks [61, 62] ) and not the genes underlying anxiety traits that, in turn, affect learning tasks.
Interestingly, we did not find any significant correlation between lateralization and scototaxis either. This result aligns with the recent study on zebrafish [17] showing no correlation between lateralization and anxiety-like behaviour. The two studies adopted different experimental paradigms to assess lateralization and anxiety-like behaviour. For what concern lateralization, we observed the asymmetrical tendency to monitor a potential predator with the two halves of the brain, one of the most used tests for brain lateralization in fish [9, 16, 52] . Fontana et al. [17] used a Y-maze task, that is, the observation of free movements in a maze, to test pure motor lateralization. With respect to anxiety-like behaviour, we used the light/dark test, which exploits the natural preference for a dark environment (scototaxis response) over a light one, whereas Fontana et al. [17] used the novel tank diving test in which the degree of bottom dwelling is interpreted as an index of anxiety. It was argued that these behavioural tasks are complementary rather than interchangeable [63] . Therefore, the similar result of the two studies does corroborate the conclusion of a lack of relation between brain lateralization and anxiety-like behaviour in zebrafish, instead of being the consequence of the use of a specific experimental procedure.
One may argue that the lack of significant correlation was due to a limited sample size. Indeed, although power analysis permitted us to preliminarily assess the appropriate sample size, four subjects ceased to participate throughout the learning task. We must acknowledge that this might have reduced the chance of detecting significant correlations among the colour discrimination task, detour test, and scototaxis test. That being said, the results of the Bayes factors largely supported the null results of correlational analyses in that they indicated that the lack of correlations between these variables was at least five times more likely than the alternative hypothesis.
It is worth noting that the performance of zebrafish was overall poor in the colour discrimination task. Individual analyses showed that almost one-third of the subjects (31%) learned the colour discrimination in our experimental design. The analysis of the first trials of the training showed, however, that none of these subjects exhibited a spontaneous preference of any colour; hence, their overall performance did reflect the result of a learning process. Why then did our subjects show poor performance in a colour discrimination task after an extensive training-one that used at least an eightfold higher number of trials compared to most previous literature in operant conditioning studies in fish (e.g., [64] )-while they clearly discriminated among these colours using different types of tasks [34, 65] ? The small/moderate effect size of the overall analysis of the training suggested that the present procedure may not be fully appropriate to test learning skills in this species. Some methodological issues should be taken into account. The nature of the stimuli, for instance, differs among the different experimental contexts. In the case of Colwill et al. [65] , all three walls of the arms were coloured; this perceptual cue might have been more salient compared to our 2 × 2 cm stimuli. Oliveira et al. [34] used three-dimensional objects, and we cannot exclude that these stimuli might have been more ecological than two-dimensional stimuli. Furthermore, in our study, food was provided in the opposite position of the stimuli to ensure that fish swam near the initiator light, a fundamental condition to start the new trial at an equal distance from the two colours. While Oliveira et al. [34] did not use food as reward, Colwill et al. [65] rewarded fish in correspondence of the positive colour. The possibility exists that the different location of food reward (in correspondence of/opposite to the stimuli) might have impacted the overall performance. Other methodological factors should be taken into consideration to improve our training-the use of a correction procedure might help to increase the association between the target colour and the reward [66] . Also, because fish were taken from a commercial store, we only had limited control of their previous experience (with the exception of the three months preceding the beginning of the experiment). This might have represented a confounding factor.
Lastly, fish are cold-blooded vertebrates that can be easily satiated. Previous studies on colour discrimination tasks in zebrafish were largely based on a limited amount of trials (and consequently food per experimental session) each day [34, 65] . Here, we used an innovative automated operant conditioning procedure that permitted us to present hundreds of trials, but we cannot exclude that, even though we delivered a very limited amount of food for each correct trial, the extensive operant conditioning procedure that characterizes Skinner boxes is intrinsically less efficient in cold-blooded vertebrates compared to mammals and birds, which can often reach 80%-90% accuracy and are even able to perform thousands of trials [67, 68] . It is worth noting that our subjects were also fed once a day in their home tanks because a similar feeding schedule was successfully used in other cognitive tasks with fish [69, 70] . In the case of our extensive training, however, this might have reduced the motivation to search for food. A recent study showed that a different fish species, goldfish, can perform even thousands of trials in a Skinner box [71] , raising the possibility that a prolonged training -together with a different feeding schedule in their home tanks-might have improved the performance of zebrafish in this operant conditioning task.
To summarize, the operant conditioning procedure adopted to investigate learning skills in this study was found to be only partially effective, a fact that prevents the drawing of firm conclusions. However, the inter-individual variability here observed in learning skills was not related to anxiety-like behaviour in facing the experimental setup, nor was it associated with different degrees of lateralization in the detour test, a fact that does not encourage the hypothesis of a link between learning skills, brain lateralization, and anxiety in this animal model.
